Background
Data have shown that TAVR sizing using cross-sectional contrast computed tomography (CT) parameters is superior to 2D-TEE for the prediction of paravalvular aortic regurgitation (AR). Three-dimensional TEE can offer crosssectional assessment of the aortic annulus but its role for TAVR sizing has been poorly elucidated.
Methods
All patients had severe symptomatic aortic stenosis and were treated with balloon-expandable TAVR in a single center. Patients studied had both 2D-TEE and 3D imaging (contrast CT and/or 3D-TEE) of the aortic annulus at baseline. Receiver-operating characteristic curves were generated for each measurement parameter using post-TAVR paravalvular AR moderate or greater as the state variable.
Results
For the 256 patients studied, paravalvular AR moderate or greater occurred in 26 of 256 (10.2%) of patients. Prospectively recorded 2D-TEE measurements had a low discriminatory value (area under the curve ϭ 0.52, 95% confidence interval: 0.40 to 0.63, p ϭ 0.75). Average cross-sectional diameter by CT offered a high degree of discrimination (area under the curve ϭ 0.82, 95% confidence interval: 0.73 to 0.90, p Ͻ 0.0001) and mean cross-sectional diameter by 3D-TEE was of intermediate value (area under the curve ϭ 0.68, 95% confidence interval: 0.54 to 0.81, p ϭ 0.036).
Conclusions
Cross-sectional 3D echocardiographic sizing of the aortic annulus dimension offers discrimination of post-TAVR paravalvular AR that is significantly superior to that of 2D-TEE. Cross-sectional data should be sought from 3D-TEE if good CT data are unavailable for TAVR sizing. Significant paravalvular aortic regurgitation (PVAR) occurs after transcatheter aortic valve replacement (TAVR) in Ͼ10% of patients (1) . This group (2), and others (3) , have demonstrated that cross-sectional contrast computed tomography (CT) derived measurements of the aortic annulus offer greater discriminatory value for post-TAVR PVAR than conventional two-dimensional (2D) measurements using transesophageal echocardiography (TEE). However, because of renal dysfunction in a population with a significant burden of comorbidities, contrast CT is often not an option.
Three-dimensional TEE (3D-TEE) can also provide immediate cross-sectional information on the aortic annulus, but its clinical value for TAVR sizing remains unclear. This study, therefore, has 2 goals: to determine the value of the 3 measurement techniques for predicting PVAR after TAVR, and to define clinically relevant sizing parameters that can be applied to practice.
Methods
Patient population, assessment, and procedure. All patients had severe symptomatic aortic stenosis and were treated with balloon-expandable TAVR (Edwards Sapien/Sapien XT, Edwards Lifesciences, Irvine, California) in a single center. Patients studied had both 2D-TEE and 3D imaging (electrocardiography-gated CT or 3D-TEE) of the aortic annulus available at baseline (Fig. 1) . The TEE was performed using the iE33 xMATRIX echocardiography system (Philips Ultrasound, Philips Medical Systems, Bothell, Washington), which has 3D-TEE capabilities, and built-in quantitative analysis software (QLab, Philips Ultrasound, Bothell, Washington) An electrocardiography-gated cardiac contrast CT study was only performed if the renal function was considered satisfactory by the treating physician. Available 3D data (CT or 3D-TEE QLab) were analyzed by different investigators, blinded during data collection to the measurements of each other, to prosthesis size, and to the outcomes of the TAVR procedure. The X-plane (simultaneous biplane 2D-TEE) cross-sectional measurements were prospectively made, with avoidance of non-coaxial cuts (Fig. 2) . QLab allows greater control of the coaxiality, employing 2 planes (coronal and saggital) to generate an orthogonal axial cross-section retrospectively as an offline multiplanar analysis of a 3D volume (Fig. 1) ; this can also be obtained online, prospectively, using the same software. The methodology for multislice CT image acquisition and analysis has been previously described (2) ; details are available in the online Appendix. Presence of left ventricular outflow tract calcium was determined qualitatively by contrast or noncontrast CT in all patients. Annular sizing for TAVR. Sizing for TAVR was made at the operator's discretion, using data from all available imaging modalities, with a prospective knowledge of cross-sectional CT dimensions after May 2011. Traditional cutoffs for annular size by 2D-TEE measurement (D 2D-TEE ) have been previously described (2) . As parameters for 3D-TEE sizing were unclear during the study, 3D-TEE did not influence the final decision for device size. All aortic annular measurements (2D-TEE, CT, 3D-TEE) were made in midsystole. Post-TAVR paravalvular aortic regurgitation. Post-TAVR PVAR was assessed in line with contemporary guidelines (4), with periprocedural TEE examinations reviewed retrospectively. This was performed by 1 of 2 physician readers experienced in the assessment of TAVR echocardiograms, blinded to the periprocedural TEE report, CT and 3D-TEE measurements, and clinical and angiographic data. Statistical analysis. Statistical analyses were made using SPSS software (PASW, version 18.0, SPSS, Chicago, Illinois) and SAS software (version 9.2, SAS Institute, Cary, North Carolina). Normality of distributions for continuous variables was tested using the Shapiro-Wilks test, and data analyzed appropriately thereafter (Online Appendix).
Receiver-operating characteristic (ROC) curves were generated using post-TAVR paravalvular AR moderate or greater as the principal endpoint (state variable) and 2D-TEE, CT, and 3D-TEE as the dependent variables (Online Appendix). The method of deLong et al. (5) was used for direct comparisons of the discriminatory value of 1 modality to another. The ROCderived upper cutoffs for sizing corresponded to the highest sum of sensitivity and specificity for prediction of PVAR (see Online Appendix). Undersizing by 3D cross-sectional measurements was also assessed in a multivariable binary logistic regression model for PVAR greater than mild (see Online Appendix).
Results
Study population. Baseline 2D-TEE and cross-sectional imaging of the aortic annulus (electrocardiography-gated contrast CT or 3D-TEE) was available in 256 patients, included in this analysis (Online Fig. 1 ). Regarding procedural complications, 6 (2.3%) had Ͼ1 prosthesis implanted in the aortic position (emergent valve-in-valve), 5 (2.0%) had valve embolization, and 3 (1.2%) had device malpositioning resulting in significant paravalvular regurgitation (all 3 high malpositioning). Correlation of 3D-TEE and CT. Reliability assessment of aortic annular measurements by cross-sectional CT and 3D-TEE measurements showed excellent reproducibility (Online Appendix). There was a moderate correlation between dimension obtained by 3D-TEE (QLab) and CT (Table 1) , but QLab measurements were smaller than the corresponding cross-sectional CT measurements. The eccentricity index (orthogonal maximal over minimal dimension) was greater by CT (1.22 Ϯ 0.11) than by 3D-TEE (1.16 Ϯ 0.12; p Ͻ 0.001). The relative differences between modalities were greater for area than for perimeter and D mean (Table 1) . ROC curve analyses for predicting paravalvular regurgitation and determining evidence-based sizing parameters. For the patients studied, PVAR moderate or greater occurred in 26 of 256 (10.2%). In ROC curve analyses ( Jilaihawi et al. March 5, 2013:908-16 Aortic Annular Sizing for TAVR by 3D-TEE showed significantly greater areas for both ⌬D mean(QLab) (p ϭ 0.031) and ⌬D mean(CT) (p Ͻ 0.0001) (Fig. 4 ). There were 3 cases with malpositioning (high implantation, with the lowest part of the stent frame above the aortic annulus) and significant PVAR. After exclusion of these cases from the analysis, D mean by cross-sectional CT and 3D-TEE remained significant predictors of PVAR moderate or greater (area under the curve 0.81, 95% CI: 0.71 to 0.90, p Ͻ 0.001 for ⌬D mean by CT; area under the curve 0.68, 95% CI: 0.52 to 0.84, p ϭ 0.048 for ⌬D mean by 3D-TEE).
For each sizing parameter, a cutoff was set that corresponded to the highest sum of sensitivity and specificity for the prediction of PVAR moderate or greater (Table 2) , generating evidence-based sizing parameters that differed for each imaging modality (Table 3) . Using the cutoffs for D mean , sensitivity appeared similar for cutoffs defined by ⌬D 2DTEE , ⌬D mean(QLab) , and ⌬D mean(CT) (88.5%, 84.6%, and 84.2%, respectively). However, specificity was better for both cross-sectional measures than for 2D-TEE (for CT data, specificity for cutoffs from ⌬D mean(CT) vs. ⌬D 2D-TEE ϭ 70.6% vs. 21.8%, p Ͻ 0.0001; for 3D-TEE, specificity for cutoffs from ⌬D mean(QLab) vs. ⌬D 2D-TEE ϭ 55.0% vs. 17.6%, p Ͻ 0.0001). Only 104 patients had both CT and 3D-TEE data, and only 6 of these had PVAR moderate or greater, limiting the statistical validity of direct comparisons of CT and 3D-TEE data; however, specificity for cutoffs from ⌬D mean(CT) versus ⌬D mean(QLab) ϭ 69.4% versus 55.1% (p ϭ 0.020).
Reassignment of sizing based on evidence-based parameters.
Of patients with available cross-sectional CT data, 91 of 216 (42.1%) were undersized by D mean(CT) parameters, leading to a large proportion with size reassignment if these parameters had been strictly adhered to (Online Fig. 2 ). Of those with available cross-sectional 3D-TEE data, 73 of 144 (50.7%) were undersized by D mean(QLab) parameters.
Although choice of bioprosthesis was generally undersized by 2D-TEE relative to the cross sectional measures, there were many cases of the converse, with down-sizing of prosthesis choice with adherence to cross-sectional measures (Fig. 5, Online Fig. 2 ). Indeed, undersizing by 2D-TEE appeared nondiscriminatory for PVAR moderate or greater (Online Table 1 ). This was in comparison to a 7.3-fold excess of PVAR moderate or greater for undersizing by CT-derived D mean and a 11.7-fold excess for undersizing by 3D-TEE (QLab)-derived D mean parameters (Online Table 1 ). Multivariable analysis for the prediction of significant paravalvular PVAR. Details are available in the Online Appendix. This analysis showed undersizing by crosssectional measures to be an independent predictor of PVAR (OR: 3.24, 95% CI: 1.56 to 6.71, p ϭ 0.002), along with presence of left ventricular outflow tract calcium (OR: 2.38, 95% CI: 1.08 to 5.23, p ϭ 0.031) and male sex (OR: 3.26, 95% CI: 1.49 to 7.12, p ϭ 0.003). Where there was undersizing by CT cross-sectional Potential Non-Coaxial Cross-Section by X-Plane
Non-coaxiality of the cross-section of the long-axis plane (left) can generate a skewed cut that can generate a distorted short-axis/axial cut (right), leading to inaccurate measurements.
Correlations and Differences Between Similar Measurements
Made by Cross-Sectional CT* and 3D-TEE (n ‫؍‬ 104) Jilaihawi et al. March 5, 2013:908-16 Aortic Annular Sizing for TAVR by 3D-TEE measures, ⌬D mean(CT) was considerably larger in males (median 1.20 mm, interquartile range: 0.75 to 2.00 mm) than in females (median 0.6 mm, interquartile range: 0.2 to 1.6 mm), indicating a greater degree of undersizing in males (p ϭ 0.008).
Discussion
Most importantly, the present study demonstrates that cross-sectional measurements from 3D-TEE provide more accurate information than 2D-TEE for the performance of TAVR, with superior discrimination of post-TAVR PVAR. This information is highly relevant to case selection for TAVR and to the success of the procedure itself. Prostheses appropriately sized by ROC-curve-directed cross-sectional 3D-TEE (D mean ) parameters had an incidence of significant PVAR of only 1.4% relative to 10.3% in those appropriately sized by 2D-TEE (Online Table 2 ). Cross-sectional 3D-TEE using QLab can be performed rapidly in the catheterization laboratory before choice of valve prosthesis and carries a similarly high sensitivity for the prediction of PVAR to the present gold standard of cross-sectional CT, with a reasonable specificity intermediate between CT and 2D-TEE. A recent study by Gripari et al. (6) studied crosssectional 3D-TEE in 135 patients undergoing balloonexpandable TAVR. The investigators made the important observation that the 3D-TEE "area cover index" before TAVR (1 Ϫ [annulus area / prosthesis nominal area]) was an independent predictor of PVAR. The questions arising from this paper were how crosssectional 3D-TEE data compare to CT data and how this information can be practically applied to sizing, the foci of the present study.
We demonstrated cross-sectional 3D-TEE measurements to be smaller than those obtained by cross-sectional CT. This observation is important, as the application of 3D cross-sectional TEE measurements to sizing cutoffs originally defined by cross-sectional CT parameters could lead to gross prosthesis undersizing and the potential for even more PVAR.
Our data are consistent with those of Tsang et al. (7), who compared cross-sectional measurements by 3D-TEE, CT, and cardiac MRI in an ex-vivo cadaveric phantom imaging model. They found that, although well correlated, cross-sectional D mean measurements by CT were on average 1.3 mm larger and 3D-TEE measurements were 1.3 mm smaller than cardiac MRI measurements, which were closer to the true dimensions. Similarly, Ng et al. (8) demonstrated a 9.6% underestimation of annular cross-sectional areas by 3D-TEE compared to CT, which is in line with the 12.89% underestimation we observed ( Table 1 ). The present limitations of cross-sectional 3D echocardiography. In contrast to QLab 3D-TEE, software for CT analysis is highly evolved for the purposes of TAVR. Moreover, QLab software does not provide perimetric data on traced annular cross-sections, meaning that this information is presently unavailable prospectively. These issues may be rectified in future by the focused application of this technology to the purpose of aortic valvar complex assessment for TAVR. 
Study limitations.
Advances in CT imaging (such as dual energy, high pitch, and helical methods) are now available; these techniques were not utilized in this study but may greatly reduce the volume of contrast required for cross-sectional imaging of the aortic annulus using CT. Nevertheless, 3D-TEE is an alternative imaging method for cross-sectional imaging of the aortic annulus that avoids the need for contrast and is thus desirable, particularly if there is significant renal dysfunction (Fig. 6 ).
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